Introduction {#sec1}
============

Polyvinylpyrrolidone (PVP) has been widely used in pharmaceutical and cosmetic industries because of its biocompatibility and nontoxicity.^[@ref1]−[@ref3]^ PVP has also been shown to exhibit excellent adsorption properties for proteins and phenol compounds for food processing.^[@ref4]−[@ref7]^ Consequently, cross-linked PVP (crospolyvinylpyrrolidone or PVPP) can be prepared from *N*-vinylpyrrolidone (NVP) and has been explored as an adsorbent for wastewater treatment.^[@ref8]^ PVPP hydrogels or copolymers of NVP and other monomers have also been investigated to remove pollutants from wastewater.^[@ref9]−[@ref11]^ Additionally, metal--organic frameworks were dispersed in PVPP to improve the adsorption efficiency for sewage treatment.^[@ref12]^

Graphene oxide (GO) has attractive properties, such as high surface area, abundant surface functional groups, and good dispersibility in solvents, which provide ample possibilities to interact with metal ions, polymers, and bio-macromolecules.^[@ref13]−[@ref15]^ For example, GO can be used to stabilize polymerization,^[@ref16],[@ref17]^ improve the mechanical and chemical stability of polymers,^[@ref18],[@ref19]^ and attain excellent shape memory properties.^[@ref20]^ GO has been demonstrated as an excellent adsorbent for dyes,^[@ref21],[@ref22]^ heavy metal ions, and other hazardous chemicals.^[@ref23]−[@ref25]^ However, many challenges still need to be overcome to achieve full use of the adsorption properties of GO. First, it can be well dispersed in water, and thus, it cannot be easily recycled.^[@ref26]^ Second, its manufacturing is not environmentally friendly, and its fate in wastewater is not well understood.^[@ref27]^ Third, its high cost prevents a large-scale application for sewage treatment. GO composites can be an effective way to overcome these challenges. For example, the nanocomposites of GO and chitosan--poly(acrylic acid) have been reported to specifically absorb Pb(II).^[@ref28]^ Highly porous chitosan--gelatin monoliths strengthened by GO can also remove metal ions.^[@ref29]^

2,4,6-Trichlorophenol (2,4,6-TCP) is a common contaminant as a consequence of its extensive use in pesticides, disinfectants, herbicides, and paper- and plastic-producing industries.^[@ref30],[@ref31]^ It is highly toxic and even carcinogenic after absorption through the skin.^[@ref32]^ 2,4,6-TCP can be remediated by degradation, combustion, adsorption, and others.^[@ref33],[@ref34]^ In particular, adsorption is attractive as it does not form secondary pollutants, unlike degradation and combustion.^[@ref35],[@ref36]^

Various adsorbents have been evaluated for the adsorption of 2,4,6-TCP. For example, activated carbon has been extensively studied for 2,4,6-TCP adsorption.^[@ref37],[@ref38]^ However, it did not have high adsorption capacity because of the lack of favorable interactions. Many new inorganic adsorbents have been developed. For example, high carbon iron filings showed good adsorption capacity for 2,4,6-TCP and can even dechlorinate 2,4,6-TCP;^[@ref39]^ titania--silica-mixed imidazolium-based ionic liquid and cetyltrimethyl ammonium bromide--montmorillonite have also been used to adsorb chlorophenols;^[@ref40],[@ref41]^ biochar prepared by sugarcane bagasse with a specific surface area of up to 361.77 m^2^/g showed a 2,4,6-TCP adsorption of up to 253.38 mg/g.^[@ref42]^

Low-cost polymers have provided a versatile platform as adsorbents for 2,4,6-TCP because of the flexibility in tuning the degree of hydrophilicity and porosity. For example, porous copolymers of cyanomethyl styrene--divinylbenzene prepared by suspension polymerization have been compared with the self-prepared peach stone-based activated carbon.^[@ref43]^ Functional polymers have been developed for 2,4,6-TCP removal, such as β-cyclodextrin-modified chitosan,^[@ref44]^ GO-based magnetic polymers compounded with magnetic particles and polymers, and 2,4,6-TCP-imprinted amino-functionalized nano-Fe~3~O~4~-polymers.^[@ref45],[@ref46]^ These advanced polymers comprise functional groups to chemically interact with 2,4,6-TCP. However, the adsorption capacity still needs to be further improved for practical applications.

In this study, we demonstrate that immobilizing GO in the PVPP microspheres can synergistically improve the 2,4,6-TCP adsorption capacity. The GO--PVPP microspheres were thoroughly characterized for physical properties, which were then correlated with the 2,4,6-TCP adsorption capacity and kinetics. The adsorption mechanism was elucidated, and the reusability of the adsorbents was investigated.

Results and Discussion {#sec2}
======================

Characterization of GO--PVPP {#sec2.1}
----------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} compares the scanning electron microscopy (SEM) images of PVPP and GO--PVPP microspheres. The samples were pretreated by gold spraying and were cut open to observe the cross-sectional structure. The PVPP microspheres are dense (cf. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and have a smooth surface (cf. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B(2)). In contrast, the GO--PVPP microspheres are porous (cf. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D,E).

![(A) Interior structure of PVPP microspheres. (B) Surface morphology of PVPP. (C) GO sheets in the NVP solution. (D) Interior structure of GO--PVPP microspheres. (E) Surface morphology of GO--PVPP. (F) Surface-covered GO fragment of GO--PVPP.](ao0c02028_0001){#fig1}

The size of GO fragments in the NVP solution was generally below 5 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) because of sonication and stirring. Such small fragments can bind tightly to the polymer during NVP polymerization. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E(2),F also confirms that the GO sheets are scattered on the surface of GO--PVPP microspheres.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A illustrates the Fourier transform infrared (FTIR) spectra of GO, PVPP, and GO--PVPP. Both PVPP and GO--PVPP show almost the same spectra, including a C--H vibration peak at 2928 cm^--1^, a C=O vibration peak at approximately 1633 cm^--1^, and a C--N vibration peak at 1283 cm^--1^.^[@ref47]^ More importantly, GO--PVPP did not exhibit characteristic peaks of GO, such as the C--O group at 1043 cm^--1^, −OH stretching at 1394 cm^--1^, and C=C and C=O bonds at 1614 and 1732 cm^--1^, respectively, presumably because of the physical interaction between the GO sheets and the polymer. Similarly, GO--PVPP and PVPP also had similar X-ray diffraction (XRD) patterns with the diffraction peaks at 11.5 and 22.5° (cf. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B).^[@ref48]^ The GO characteristic peak of 10° was absent for GO--PVPP, indicating the amorphous nature of the GO--PPVP adsorbent. Based on the Debye Scherer formula, the amorphous crystal grain sizes of PPVP and GO--PPVP are 11 and 17 nm, respectively, suggesting the increased grain size with GO addition.

![(A) FTIR spectra and (B) XRD patterns of GO, PVPP, and GO--PVPP.](ao0c02028_0004){#fig2}

[Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf) displays the nitrogen adsorption and desorption curves of GO--PVPP and PVPP microspheres. The adsorption isotherms of GO--PVPP and PVPP belong to the IV type. The Brunauer--Emmett--Teller (BET) surface area for GO--PVPP microspheres is 10.46 m^2^/g, which is almost 10 times that of PVPP ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf)). The presence of GO in the polymer greatly increases the surface area of the microspheres, which is beneficial for adsorption. The average pore size of GO--PVPP is 28.58 nm, smaller than that of PVPP (36.71 nm). On the other hand, the pore volume of GO--PVPP (0.0092 cm^3^/g) is about 3.5 times that of PVPP.

[Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf) summarizes the elemental analysis data. The contents of C and N elements in GO--PVPP are 45 and 9.66%, respectively, resulting in C/N = 4.63, which is higher than that of PVPP (3.48). The increase in the C/N ratio can be ascribed to the addition of GO (with a higher C/N ratio than PVPP) and the reduced content of the cross-linking agent (with a lower C/N ratio than the NVP monomer) during polymerization. GO can stabilize the microspheres and improve polymerization, and thus, GO--PVPP contains less cross-linking agent than PVPP.

[Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf) also records the swelling rate of water in PVPP and GO--PVPP, which is calculated based on the weight change of the microspheres after exposure to water. GO--PVPP shows a swelling rate of 272.81%, much higher than PVPP (60.40%), suggesting the looser gel networks and easier contact with the contaminants in water for GO--PVPP than PVPP.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} compares the thermogravimetric curves for the GO--PVPP and PVPP microspheres. PVPP began to lose weight at 162 °C, and the weight loss is approximately 92% in the range of 162--450 °C, which corresponds to the thermal decomposition of PVPP. In contrast, GO--PVPP started to lose weight at 397 °C, and the weight loss is approximately 83% in the range of 397--450 °C. These results confirm that the addition of GO can significantly improve the thermal stability of the polymer (PVPP).

![TGA curves of GO--PVPP and PVPP.](ao0c02028_0005){#fig3}

Effect of pH on 2,4,6-TCP Adsorption {#sec2.2}
------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrates the influence of pH on the equilibrium adsorption capacity of 2,4,6-TCP. As the pH increased from 2 to 10, the equilibrium adsorption capacity increased and reached its maximum at pH 4 before decreasing, which can be interpreted based on the adsorption mechanism and the actual state of 2,4,6-TCP. The p*K*~a~ value of 2,4,6-TCP is 6.23. When pH \< p*K*~a~, 2,4,6-TCP tends to exist in molecular forms in the solution and interacts with GO--PVPP by hydrogen bonds.^[@ref41]^ At pH \> p*K*~a~, 2,4,6-TCP became charged ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and failed to establish hydrogen bonds with GO--PVPP,^[@ref44]^ decreasing the equilibrium adsorption capacity under alkaline conditions. As the pH is decreased from 6.23 to 4, the amount of 2,4,6-TCP in the molecular form increased, enhancing the adsorption capacity. However, as the pH decreased below 4, the polymer gel structures are unstable and partially destroyed, decreasing the adsorption capacity of 2,4,6-TCP.

![Effect of pH on the equilibrium adsorption capacity of 2,4,6-TCP by GO--PVPP (*C*~0~ = 100 mg/L, *T* = 298.15 K, and *t* = 12 h).](ao0c02028_0006){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows possible mechanisms for 2,4,6-TCP adsorption by GO--PVPP. The surface is covered by the GO sheets with benzene rings, hydroxyl groups, and carboxyl groups, which provide π--π interactions and hydrogen bonds with 2,4,6-TCP, leading to a much better adsorption capacity than PVPP.^[@ref49]^ Moreover, GO--PVPP has a much higher surface area and water absorption capacity than PVPP (cf. [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf)), which also improves the adsorption efficiency of 2,4,6-TCP.

![Possible adsorption mechanism of GO--PVPP for 2,4,6-TCP.](ao0c02028_0007){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} compares the FTIR spectra of GO--PVPP before and after the 2,4,6-TCP adsorption. After adsorption, the peak intensity of GO--PVPP at 3441 cm^--1^ increases, which is characteristic of the stretch vibration of hydroxyl groups. The increase can be ascribed to the intermolecular hydrogen bonds formed between GO--PVPP and 2,4,6-TCP. In addition, GO--PVPP adsorbed with 2,4,6-TCP has a distinct characteristic peak at 1377 cm^--1^, which can be interpreted as the flexural vibration of the phenolic hydroxyl group, confirming the formation of the hydrogen bonds between 2,4,6-TCP and GO--PVPP and that adsorption is effective and stable.

![FTIR spectra of GO--PVPP before and after adsorption of 2,4,6-TCP.](ao0c02028_0008){#fig6}

Influence of GO--PVPP Content {#sec2.3}
-----------------------------

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} presents the influence of the adsorbent content on 2,4,6-TCP adsorption. When the GO--PVPP adsorbent reached 4 g/L, the removal efficiency of 2,4,6-TCP was over 99.9% and the residual concentration in the solution is below the detection limit, indicating the promise of GO--PVPP for the practical treatment of 2,4,6-TCP-contaminated water. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} also displays that the *q*~e~ value of 2,4,6-TCP is reduced as the GO--PVPP content increased, which is caused by the excessive GO--PVPP adsorbent in the solution.

![Effect of the adsorbent content on 2,4,6-TCP adsorption (*C*~0~ = 100 mg/L, pH = 4, *T* = 298.15 K, and *t* = 12 h).](ao0c02028_0009){#fig7}

Kinetic Analysis for 2,4,6-TCP Adsorption {#sec2.4}
-----------------------------------------

A typical expression for pseudo-first-order kinetics is shown as follows^[@ref50]^where *k*~1~ represents the rate constant of pseudo-first-order kinetics (min^--1^) and *q*~e~ and *q*~*t*~ (mg/g) denote the mass of 2,4,6-TCP adsorbed at equilibrium and time *t*, respectively.

Integrating [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} by *t* from 0 to t and *q*~*t*~ from 0 to *q*~*t*~ leads to the following equation

The values of *q*~e~ and *k*~1~ can be calculated from the intercept and slope of the linear plot of ln(*q*~e~ -- *q*~*t*~) against *t*, respectively.

The pseudo-second-order rate equation is written as follows^[@ref51]^where *k*~2~ represents the rate constant of pseudo-second-order kinetics (g mg^--1^·min^--1^).

Integrating [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} by *t* from 0 to *t* and *q*~*t*~ from 0 to *q*~*t*~ leads to the following equation

The *k*~2~ and *q*~e~ values can be obtained from the linear plot of *t*/*q*~*t*~ against *t*.

The intraparticle diffusion model is expressed as follows^[@ref52]^where *k*~ip~ represents the rate constant of intraparticle diffusion (mg g^--1^·min^--1/2^) and *C* is a constant (mg/g) associated with the thickness of the boundary layer. The values of *k*~ip~ and *C* can be obtained from the linear plot of *q*~*t*~ against *t*^0.5^.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A presents the results of kinetic experiments. The time required to reach equilibrium increased with increasing the initial 2,4,6-TCP concentration. For example, increasing the initial concentration from 50 to 200 mg/L increases the required time to reach equilibrium from 100 to 240 min, presumably because of more active sites on GO--PVPP to interact with 2,4,6-TCP at lower initial contents.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B,C presents the plots of *t*/*q*~*t*~ against *t* and ln(*q*~e~ -- *q*~*t*~) against *t*, respectively. The related parameters and the results of the correlation analysis are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The adsorption of 2,4,6-TCP on GO--PVPP microspheres appears to follow the pseudo-second-order kinetics, instead of the pseudo-first-order kinetics, because all *R*^2^ of the former model exceeded 0.99 at different concentrations and the modeling values of equilibrium adsorption capacities were also closer to the experimental data. The good fitting with the pseudo-second-order kinetics also indicates that the adsorption of 2,4,6-TCP on GO--PVPP is mainly chemical adsorption.

![(A) Pseudo-second-order kinetic plots of 2,4,6-TCP on GO--PVPP at different concentrations. (B) *t*/*q*~*t*~ vs *t* plots of the pseudo-second-order model. (C) ln(*q*~e~ -- *q*~*t*~) vs *t* plots of the pseudo-first-order model. (D) Plots of the intraparticle diffusion model for adsorption of 2,4,6-TCP on GO--PVPP (pH = 4, GO--PVPP content = 0.5 g/L, and *T* = 298.15 K).](ao0c02028_0010){#fig8}

###### Parameters for Pseudo-First-Order and Pseudo-Second-Order Models

                 pseudo-first-order model   pseudo-second-order model                                                
  ----- -------- -------------------------- --------------------------- -------- -------- -------- -------- -------- --------
  50    68.94    0.0265                     59.73                       2.142    0.9689   0.9035   68.61    0.9938   0.2234
  100   135.82   0.0357                     116.74                      2.040    0.9740   0.5959   135.42   0.9916   0.6484
  200   213.92   0.0345                     151.41                      3.157    0.9659   0.4681   213.56   0.9973   0.0209
  250   247.77   0.0350                     171.68                      4.198    0.9472   0.4264   251.49   0.9959   0.1522
  300   268.02   0.0358                     214.86                      2.1386   0.9716   0.6778   268.67   0.9929   0.1729

The intraparticle diffusion model suggests that the plot of *q*~*t*~ against *t*^0.5^ is linear and passes through the origin.^[@ref53]^ However, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}D, the diffusion process cannot be described by only one straight line, but two or three lines ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf)). Only two stages appear at lower initial contents of 2,4,6-TCP (50 and 100 mg/L). The first stage occurs within approximately 60 min, and the second stage occurs subsequently, presumably because the first region corresponds to the external surface adsorption and the next stage is a rate-limiting step.^[@ref54]^ At higher 2,4,6-TCP concentrations, there was excessive 2,4,6-TCP in the solution, which may compete for limited adsorbing sites of GO--PVPP, lowering the adsorption kinetics and reaching the final adsorption equilibrium in the third stage.^[@ref55]^ Nevertheless, all these different mechanisms for adsorption explain the 2,4,6-TCP sorption on GO--PVPP microspheres, including surface adsorption, chemisorption, and physical diffusion.

Adsorption Isotherms and Thermodynamics {#sec2.5}
---------------------------------------

The Langmuir model^[@ref56]^ and Freundlich model^[@ref57]^ are applied for fitting the equilibrium data of the 2,4,6-TCP adsorption by the GO--PVPP microspheres, and the equations are shown in [eqs [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}--[8](#eq8){ref-type="disp-formula"}where *q*~m~ (mg/g) represents the maximum adsorption capacity, *K*~L~ (L/mg) denotes the constant of the Langmuir isotherm, *n* is a constant related to sorption capacity and sorption intensity, and *K*~F~ (mg/g (L/mg)^−1/*n*^) denotes the sorption affinity coefficient of the Freundlich equation.

The change in Gibbs free energy (Δ*G*), entropy (Δ*S*), and enthalpy (Δ*H*) can be obtained from the following equations

By combining [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}, the following equation can be obtainedwhere *T* represents the temperature of the adsorbing experiment (K), *K*~D~ represents the solid--liquid partition coefficient, and *R* is the gas constant (8.314 J/(mol·K)).

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} displays the fitting of the adsorption isotherms with the parameters summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Although the Langmuir model fits the experimental data with *R*^2^ from 0.9779 to 0.9836, the Freundlich model offers better fitting with *R*^2^ above 0.99 at all temperatures, suggesting that the diverse adsorption sites are distributed on the heterogeneous surface of GO--PVPP.^[@ref58]^ Additionally, all the values of 1/*n* are less than 1, indicating the dominance and favorability for chemisorption of 2,4,6-TCP by GO--PVPP. The formation of hydrogen bonds and π--π interactions between GO--PVPP and 2,4,6-TCP are critical to the adsorption process.^[@ref45]^ In particular, the *R*~L~ values of the Langmuir model were calculated using [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and used to determine the spontaneous state of sorption.^[@ref59]^ All *R*~L~ values are below 1, demonstrating that GO--PVPP microspheres are a good adsorbent for 2,4,6-TCP.

![(A) *C*~e~/*q*~e~ vs *C*~e~ with the data fitted using the Langmuir model. (B) ln *q*~e~ vs ln *C*~e~ with the data fitted using the Freundlich model (pH = 4, GO--PVPP content = 0.5 g/L, and *t* = 12 h).](ao0c02028_0011){#fig9}

###### Parameters for Langmuir and Freundlich Models

           Langmuir model   Freundlich model                                                      
  -------- ---------------- ------------------ -------- -------- -------- ------- ------ -------- --------
  288.15   413.22           0.0066             0.5051   0.9779   0.0323   7.21    1.52   0.9911   0.0206
  298.15   449.88           0.0099             0.3367   0.9851   0.0347   12.53   1.63   0.9932   0.0165
  303.15   466.77           0.0115             0.2898   0.9836   0.0847   13.47   1.61   0.9946   0.0144

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} presents the plots of ln *K*~D~ against 1/*T* for 2,4,6-TCP sorption onto GO--PVPP microspheres, which can be used to calculate Δ*H* and Δ*S* values and thus Δ*G* values using [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} or [10](#eq10){ref-type="disp-formula"}. The results are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. *K*~D~ is enhanced with the elevation of adsorption temperature from 288.15 to 303.15 K. The positive Δ*H* values indicate that the adsorption process is endothermic, while the positive Δ*S* values suggest the increased degree of freedom during adsorption.^[@ref42]^ The negative Δ*G* value at each temperature suggests that the adsorption process is spontaneous. Moreover, Δ*G* becomes more negative with increasing temperature, which reveals that the adsorption of 2,4,6-TCP becomes more favorable at higher temperatures. This result has also been confirmed by the adsorption isotherms in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Effect of temperature on equilibrium adsorption coefficients.](ao0c02028_0002){#fig10}

###### Thermodynamic Parameters for 2,4,6-TCP Adsorption Onto GO--PVPP

  *T* (K)   Δ*G* (kJ/mol)   Δ*H* (kJ/mol)   Δ*S* (J/(mol·K)   *K*~D~
  --------- --------------- --------------- ----------------- ---------
  288.15    --16.76                                           1092.69
  298.15    --18.18         22.98           137.96            1529.35
  303.15    --18.82                                           1741.15

The enthalpy change is in accordance with physisorption as the normal range of enthalpy change for physisorption is between 20 and 40 kJ/mol. However, in the kinetic study, the adsorption process of 2,4,6-TCP complied with pseudo-second-order kinetics, and the activation energy is very large. Therefore, adsorption is a physicochemical adsorption process rather than purely chemisorption.

Comparison of GO--PVPP with Other Adsorbents for the Adsorption of 2,4,6-TCP {#sec2.6}
----------------------------------------------------------------------------

[Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf) compares the adsorption performances of GO--PVPP, PVPP, and GO with a 50 mg/L 2,4,6-TCP solution. After adsorption for 12 h, GO--PVPP, PVPP, and GO reduced the 2,4,6-TCP concentration to 0.077, 1.79, and 0.42 mg/L, respectively. GO--PVPP is the most effective adsorbent among these three materials.

[Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} compares the maximum sorption capacity (*q*~m~) for different adsorbents, which were calculated by the Langmuir model for accuracy. *q*~m~ for GO--PVPP reaches 466.7 mg/g, much higher than that of the other adsorbents. Such a high uptake ability of 2,4,6-TCP suggests the synergistic effect of the PVPP with a partially cross-linked structure and GO, indicating their potential for the removal of phenolic compounds from wastewater.

###### Comparison of GO--PVPP with Other Materials for the Adsorption Capacity of 2,4,6-TCP

  adsorbents                                         pH     *q*~max~ (mg/g)   refs
  -------------------------------------------------- ------ ----------------- ------------
  cetyltrimethyl ammonium bromide--montmorillonite   5.0    306.70            ([@ref41])
  biochar prepared from sugarcane bagasse            2.0    253.28            ([@ref42])
  raw lignite                                        3.58   56.4              ([@ref43])
  β-cyclodextrin-6--chitosan                         3.0    74.29             ([@ref44])
  GO-based magnetic polymer                          5.0    232.60            ([@ref45])
  GO--PVPP                                           4.0    466.7             this study

Reusability of the GO--PVPP Adsorbents {#sec2.7}
--------------------------------------

According to the morphology and adsorption mechanism, the efficient adsorption of 2,4,6-TCP by GO--PVPP depends more or less on the surface-covered GO. The diverse functional groups of the GO sheets enhance the adsorption performance of the microspheres. Therefore, by changing the concentration of GO in the NVP solutions, such as 5, 10, and 20 mg/mL, three sets of composites coded as 5GO--PVPP, 10GO--PVPP, 20GO--PVPP were prepared to test the reusability, respectively. After adsorption, 2,4,6-TCP in the adsorbent was eluted by a mobile-phase solution (methanol/water = 80:20), and the GO--PVPP microspheres were dried for reuse. Five cycles were repeated in this way, and the results are exhibited in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. All three composites exhibited a slight reduction in the removal efficiency after the first cycle and then stable adsorption capabilities in the next four cycles, demonstrating the excellent reusability of the GO--PVPP microspheres and validating our approach of preparing GO-based adsorbents with a polymer skeleton.

![Removal efficiency of 2,4,6-TCP by GO--PVPP in five cycles (*C*~0~ = 100 mg/L, *T* = 298.15 K, pH = 4, GO--PVPP content = 0.5 g/L, and *t* = 12 h).](ao0c02028_0003){#fig11}

Conclusions {#sec3}
===========

In summary, the GO--PVPP microspheres were prepared by introducing GO into NVP before cross-linking polymerization. The microspheres can effectively adsorb 2,4,6-TCP in contaminated water. The adsorption performance of 2,4,6-TCP by GO--PVPP is influenced by pH, temperature, initial content of 2,4,6-TCP in the solution, and the amount of GO--PVPP. The kinetic analysis suggested that adsorption follows the pseudo-second-order rate equation, but the enthalpy change is between 20 and 40 kJ/mol, indicating a physicochemical adsorption process rather than purely chemisorption. The sorption isotherms were better described by the Freundlich model than the Langmuir model. The adsorption is endothermic and spontaneous, and the adsorption capacity increases with increasing temperature. The maximum capacity of GO--PVPP for 2,4,6-TCP sorption is 466.77 mg/g at 303.15 K and pH = 4.0. Moreover, GO--PVPP exhibited good reusability during the five cycles of adsorption and desorption, demonstrating their potential for practical applications.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

*N*,*N*-Methylenebisacrylamide (bisAM, 98%) and 2,4,6-TCP (98%) were obtained from Aladdin Chemical Reagent (Shanghai, China). NVP (99.9%) was purchased from Zhangzhou Huafu Chemical Industry Co. Ltd. (Fujian, China). Graphite powder, anhydrous sodium sulfate (Na~2~SO~4~), sulfuric acid (H~2~SO~4~, 98%), hydrogen peroxide (30% H~2~O~2~), potassium permanganate (KMnO~4~), PVP (K30), 2,2-azobisisobutyronitrile (AIBN), and disodium hydrogen phosphate (Na~2~HPO~4~) were obtained from Sinopharm Chemical Reagent (Shanghai, China). Pure water (Millipore Rios-200, Billerica, MA) was used during the entire course of the experiments.

Preparation of GO--PVPP {#sec4.2}
-----------------------

GO was prepared using the modified Hummers method.^[@ref60]^ Two grams of graphite powder was added to a round bottom flask (200 mL), and 60 mL of H~2~SO~4~ was slowly poured into it. The temperature of the mixture was kept below 10 °C, and 9 g of KMnO~4~ was slowly added to the flask with stirring. The mixture was then simultaneously ultrasonicated (28 kHz, 100 W) and mechanically stirred for 10 h (450 rpm, 50 °C). Subsequently, the mixture was transferred to a beaker (500 mL) and diluted five times with pure water (50 mL). Hydrogen peroxide (30%) was added until the mixture turned bright yellow, and no more bubbles were generated. The mixture was repeatedly washed and centrifuged until the pH was neutral. Finally, GO was freeze-dried for later use.

The GO--PVPP microspheres were prepared using the following procedures. First, 6 g of Na~2~SO~4~ was dissolved in 60 mL of water to form an aqueous solution. Second, GO (0.1 g) was added to NVP (10 mL), and the mixture was dispersed for 5 h under ultrasonic conditions (28 kHz, 100 W) at room temperature. bisAM (0.45 g) and AIBN (0.12 g) were then added to form an organic solution. Third, the Na~2~SO~4~ solution was added to a three-necked flask (100 mL) with a nitrogen inlet and an anchor-type stirrer (360 rpm). The NVP solution was added to the Na~2~SO~4~ solution in the flask at 45 °C. Nitrogen was introduced for 15 min to remove the oxygen in the system. Fourth, the temperature of the mixture in the flask was increased to 60 °C, and suspension polymerization was carried out at 60 °C for 6 h to form GO--PVPP microspheres. Finally, the microspheres were filtrated, washed with absolute ethanol and hot water (45 °C) to remove residual monomers and other impurities, and then dried under vacuum at 50 °C for 12 h.

Characterization {#sec4.3}
----------------

The morphology and structure of GO--PVPP microspheres were characterized by SEM (HITACHI S-4800), elemental analysis (Vario EL III), FT-IR (Nicolet avatar370), thermogravimetric analysis (TGA; Netzsch TG209F1), XRD (Ultima-IV), and BET analysis (TriStar II).

Adsorption Experiment and Detection {#sec4.4}
-----------------------------------

Adsorption tests were performed in a thermostatic shaker (200 rpm). GO--PVPP was added to adsorbate solutions (50 mL) with various initial concentrations of 2,4,6-TCP, including 50, 100, 200, 250, and 300 mg/L. These concentrations are lower than the solubility of 2,4,6-TCP in water (800 mg/L). The mixtures were continuously shaken for the adsorption of 2,4,6-TCP at the desired temperature. The concentration of 2,4,6-TCP in the solution was analyzed by HPLC (Agilent 1200) without preconcentration of the sample. Detailed HPLC conditions are summarized in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf). The standard curve of the 2,4,6-TCP solutions is linear in the concentration range of 0--250 mg/L (cf. [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf)).

The equilibrium adsorption capacity for 2,4,6-TCP on GO--PVPP, *q*~e~ (mg/g), was determined bywhere *C*~0~ and *C*~e~ denote the initial and equilibrium concentrations (mg/L) of 2,4,6-TCP in solution, respectively. *m* (g) represents the weight of the GO--PVPP microspheres, and *V* (L) is the volume of the solution.

The removal ability of 2,4,6-TCP was based on the following formula

The determination coefficient (*R*^2^) and standard deviation of residues (SD) were applied to evaluate the accuracy of the adsorption models^[@ref61]^where *q*~*i*,exp~ and *q*~*i*,model~ are the adsorption capacity measured and modeled, respectively. *q̅*~*i*,exp~ is the average of *q*~*i*,exp~ values, *n* is the number of experimental data, and *p* is the number of parameters of the fitting model.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02028](https://pubs.acs.org/doi/10.1021/acsomega.0c02028?goto=supporting-info).N~2~ adsorption and desorption curves of GO--PVPP and PVPP, physiochemical properties of PVPP and GO--PVPP, elemental analysis of PVPP and GO--PVPP, parameters for the intraparticle diffusion model, HPLC chromatograms of 2,4,6-TCP before and after adsorption by different adsorbents (*C*~0~ = 50 mg/L, adsorbent dosage = 1 g/L, *T* = 30 °C, pH = 4, and *t* = 6 h), detection parameters of the HPLC method for 2,4,6-TCP, HPLC standard curve of TCP solution, and chromatographic peaks of TCP standard solutions at 290 nm ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02028/suppl_file/ao0c02028_si_001.pdf))
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